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Purpose: Ablative hyperthermia (>55 ◦C) has been used as a definitive treatment for accessible solid
tumors not amenable to surgery, whereas mild hyperthermia (40–45 ◦C) has been shown effective
as an adjuvant for both radiotherapy and chemotherapy. An optimal mild hyperthermia treatment
is spatially accurate, with precise and homogeneous heating limited to the target region while also
limiting the likelihood of unwanted thermal or mechanical bioeffects (tissue damage, vascular shut-
off). Magnetic resonance imaging-guided high-intensity focused ultrasound (MR-HIFU) can nonin-
vasively heat solid tumors under image-guidance. In a mild hyperthermia setting, a sonication ap-
proach utilizing multiple concurrent foci may provide the benefit of reducing acoustic pressure in the
focal region (leading to reduced or no mechanical effects), while providing better control over the
heating. The objective of this study was to design, implement, and characterize a multifoci sonication
approach in combination with a mild hyperthermia heating algorithm, and compare it to the more
conventional method of electronically sweeping a single focus.
Methods: Simulations (acoustic and thermal) and measurements (acoustic, with needle hydrophone)
were performed. In addition, heating performance of multifoci and single focus sonications was com-
pared using a clinical MR-HIFU platform in a phantom (target = 4–16 mm), in normal rabbit thigh
muscle (target = 8 mm), and in a Vx2 tumor (target = 8 mm). A binary control algorithm was used for
real-time mild hyperthermia feedback control (target range = 40.5–41 ◦C). Data were analyzed for
peak acoustic pressure and intensity, heating energy efficiency, temperature accuracy (mean), homo-
geneity of heating (standard deviation [SD], T10 and T90), diameter and length of the heated region,
and thermal dose (CEM43).
Results: Compared to the single focus approach, multifoci sonications showed significantly
lower (67% reduction) peak acoustic pressures in simulations and hydrophone measurements. In
a rabbit Vx2 tumor, both single focus and multifoci heating approaches were accurate (mean
= 40.82±0.12 ◦C [single] and 40.70±0.09 ◦C [multi]) and precise (standard deviation
= 0.65±0.05 ◦C [single] and 0.64±0.04 ◦C [multi]), producing homogeneous heating (T10–90

= 1.62 ◦C [single] and 1.41 ◦C [multi]). Heated regions were significantly shorter in the beam path
direction (35% reduction, p < 0.05, Tukey) for multifoci sonications, i.e., resulting in an aspect ratio
closer to one. Energy efficiency was lower for the multifoci approach. Similar results were achieved
in phantom and rabbit muscle heating experiments.
Conclusions: A multifoci sonication approach was combined with a mild hyperthermia heating
algorithm, and implemented on a clinical MR-HIFU platform. This approach resulted in accurate and
precise heating within the targeted region with significantly lower acoustic pressures and spatially
more confined heating in the beam path direction compared to the single focus sonication method.

013301-1 Med. Phys. 40 (1), January 2013 © 2013 Am. Assoc. Phys. Med. 013301-10094-2405/2013/40(1)/013301/13/$30.00

http://dx.doi.org/10.1118/1.4769116
http://dx.doi.org/10.1118/1.4769116
http://dx.doi.org/10.1118/1.4769116
http://crossmark.crossref.org/dialog/?doi=10.1118/1.4769116&domain=pdf&date_stamp=2012-12-19


013301-2 Partanen et al.: MR-HIFU mild hyperthermia using multifoci approach 013301-2

The reduction in acoustic pressure and improvement in spatial control suggest that multifoci heating
is a useful tool in mild hyperthermia applications for clinical oncology. © 2013 American Association
of Physicists in Medicine. [http://dx.doi.org/10.1118/1.4769116]
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I. INTRODUCTION

Hyperthermia has been used extensively and successfully in
the treatment of solid tumors. Often when surgery is not
indicated, ablative hyperthermia (>55 ◦C for 20 s–15 min)
has been used as a definitive treatment for certain solid
tumors with impressive efficacy,1 whereas mild hyperther-
mia (40–45 ◦C for up to 1 h) has been used as an adju-
vant with both chemotherapy and radiation therapy.2–4 While
the primary goal of ablative hyperthermia is to ensure can-
cer cell death, the beneficial effects of mild hyperthermia
lie in its ability to improve the effectiveness of other treat-
ments through sensitization by modifying both the phys-
iology and biology of cancer.5, 6 Mild hyperthermia may
provide improved tissue perfusion and oxygenation, inhibit
homologous recombination,7 improve delivery of chemother-
apy and potentiate its cytotoxic effects,2 as well as augment
immune response.8 Culmination of these effects has great po-
tential to improve outcomes for cancer patients who often re-
ceive radio- and chemotherapy. This benefit could be realized
through the simple addition of a mild hyperthermia treatment
to the normal course of therapy.3, 4, 9

Widespread use of mild hyperthermia has been limited to
date by applicators with insufficient performance and which
are ill-suited for current clinical workflow. Traditional appli-
cators include radiofrequency,10, 11 microwave,12, 13 hot wa-
ter baths,14 lasers,15, 16 and magnetic fluids.17, 18 These suf-
fer from drawbacks such as the invasive nature of applica-
tors, limited and superficial heating, formation of hot and cool
spots, inaccurate or spatially uneven heating, and lack of spa-
tiotemporal feedback control.

Magnetic resonance imaging-guided high-intensity fo-
cused ultrasound (MR-HIFU) may address the challenges
faced by the more traditional devices through a combination
of anatomic and temperature imaging capabilities of magnetic
resonance imaging (MRI) with highly localized and noninva-
sive heating of HIFU, yielding excellent spatiotemporal con-
trol and thermal accuracy. Real-time temperature monitor-
ing with MRI is commonly achieved with the water proton
resonance frequency shift (PRFS) method,19 which relies on
the linear dependence of PRFS on temperature change [stan-
dard deviation (SD) < 1 ◦C (Ref. 20)]. In the mild hyperther-
mic range, this linear relationship is valid in all nonadipose
tissues.20, 21

Application of HIFU can result in both thermal and non-
thermal (often known as mechanical) bioeffects, both of
which arise from a complex interaction of propagating ultra-
sound waves with tissue.22 Importantly, HIFU bioeffects can
be manipulated and/or controlled by device output power, ul-
trasound frequency, duty cycle, sonication duration, and focal
spot characteristics. The thermal effects are due to ultrasound

absorption and conversion to heat through vibrational excita-
tion of tissue, leading to rapid, highly localized temperature
elevation. The mechanical bioeffects that are unique to HIFU
include acoustic radiation forces and acoustic cavitation. Ra-
diation forces may lead to local tissue displacement, shear
strain, and streaming.23 Cavitation effects are mediated by
bubble activity—collapsing or oscillating bubbles can lead to
locally induced stress and high energy release, possibly result-
ing in and enhancing thermal coagulation and necrosis.24 The
ultrasound mechanical effects may be exploited to improve
ablation efficiency,25, 26 or to improve drug delivery with or
without the use of microbubbles.27, 28

The effects of HIFU on tissue are highly dependent on the
acoustic pressure in the focal region, with different mecha-
nisms of HIFU energy propagation dominating at high and
low acoustic pressures. When operating at low acoustic pres-
sures, the acoustic field is predominantly linear, the waves
have harmonic shape, and acoustic intensity is proportional to
the pressure squared. At higher acoustic pressure levels, the
peak negative (rarefaction) pressure correlates well with the
onset of cavitation effects,24, 29, 30 and nonlinear wave prop-
agation leads to generation of higher harmonics, asymmet-
ric distortion of the pressure waveforms, and ultimately, to
formation of steep shock fronts.31 The nonlinear broaden-
ing of the spectrum to higher frequencies and the forma-
tion of shocks can significantly increase local absorption of
acoustic energy, especially in the focal region, thereby dras-
tically increasing the heating rate.32–34 The unpredictable na-
ture of nonlinear acoustic propagation and mechanical bioef-
fects raises potential concerns for clinical translation into a
diverse patient population. Thus, regulatory implications for
HIFU mild hyperthermia applicators may be more favorable
for low acoustic intensities and pressures.

Phased-array transducers in combination with appropriate
driving electronics enable the creation of a desired focal pat-
tern by offering fast temporal displacement of a single fo-
cus, or the generation of multiple simultaneous foci associ-
ated with low levels of secondary maxima.35–39 For thermal
ablation (T > 55 ◦C), it is desirable to achieve a rapid, highly
localized temperature rise in the target region in order to limit
undesired temperature elevation in surrounding tissues. De-
sirable properties for ablation include high energy efficiency
of the heating, as well as steep temperature gradients for im-
proved lesion delineation. Provided the ablation is complete
and continuous, temperature uniformity within the target re-
gion is of little interest. Consequently, sweeping a single high-
intensity focus to increase the ablation volume has shown
benefit for ablation.39–41 Low-level cavitation and shock wave
formation near the focus, induced by high pressures, may even
be beneficial in further improving ablation heating efficiency,
as long as collateral damage to surrounding tissues can be
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avoided. The requirements placed upon the heating strategy
are almost opposite for mild hyperthermia: mechanical effects
may be a substantial problem as the goal is merely to elevate
local temperature while avoiding direct tissue damage. Heat-
ing uniformity is also of greater importance for mild hyper-
thermia, as this therapy intends to achieve similar bioeffects
throughout the target volume.

However, the low target temperature range of mild hyper-
thermia suggests that thermal damage to the skin and near
field is unlikely; thus, heating efficiency is consequently of
secondary interest. Multifoci patterns, which distribute the
acoustic pressure over a larger area, possibly at the cost of
slightly inferior heating efficiency and less well-defined treat-
ment borders, may thus be beneficial for mild hyperthermia
treatments. Both single focus and multifoci approaches may
be used to manipulate or to prescribe the shape of a heated
volume. However, multifoci sonications may allow for lower
instantaneous pressures and intensities.

The objective of this study was to develop a multifoci son-
ication approach for mild hyperthermia with MR-HIFU in or-
der to mitigate the possible risks associated with high instan-
taneous pressures, and to obtain a homogeneous temperature
distribution in the target region. Transducer element ampli-
tudes and phases were manipulated in silico to obtain an op-
timal focus pattern that was evaluated with simulations and
then validated with hydrophone measurements. This multifoci
approach was implemented on a clinical MR-HIFU system in
conjunction with volumetric mild hyperthermia binary feed-
back control.42 The performance of this sonication approach
was evaluated in comparison to electronic sweeping of a sin-
gle focus in both in vitro and in vivo MR-HIFU experiments.

II. MATERIALS AND METHODS

II.A. Generation of sonications patterns

Single-focus sonication trajectories were performed as de-
scribed by Köhler et al.,39 whereas multifoci patterns were
generated based on the work of Ebbini and Cain36 and Fan
and Hynynen.37

Briefly, the complex pressure at a point in the acoustic field
can be written as

p(r) = jρck

2π

∫
S ′

u(r ′)
exp(−jk

∣∣r − r ′∣∣)
|r − r ′| dS ′,

where j =√−1, ρ is the density, c is the speed of sound, k is
the wavenumber, S′ is the surface of the source, u is the normal
velocity of the source surface, and r and r′ are the observation
and source points, respectively.

For a phased-array transducer with N elements, the pres-
sure as given in M control points at position r = rm with
m = 1, 2, . . . , M can be written as

p (rm) = jρck

2π

N∑
n=1

un

∫
S ′

n

exp(−jk
∣∣rm − r ′

n

∣∣)∣∣rm − r ′
n

∣∣ dS ′
n.

This equation can be further written into matrix form accord-
ing to

Hu = p,

where u = [u1, u2, . . . , uN] and p = [p(r1), p(r2), . . . , p(rM)]
and H is the forward propagator

H (m, n) = jρck

2π

N∑
n=1

∫
S ′

n

exp(−jk
∣∣rm − r ′

n

∣∣)∣∣rm − r ′
n

∣∣ dS ′
n.

Using the matrix formulation above, one can then solve for
the driving amplitude and phase of the N transducer elements
that is required to generate the desired pressure amplitude and
phase in the M control points. Normally, when M < N, and
when H has full rank, the minimum-norm solution to the ma-
trix problem above is given by

û = H∗′
(H H∗′

)−1 p,

where H∗′
is the conjugate transpose. If a certain number of

simultaneous foci are then desired, they can be defined as con-
trol points with a certain pressure amplitude and phase at a
prescribed position rm.

In this study, the control points for the generation of the
multifoci patterns were chosen to have equal pressure magni-
tude. The phase at control points was chosen in order to min-
imize constructive interference outside of the focal plane and
thus limit and shape the heated volume in the beam axis direc-
tion. To achieve this, simulations were performed by varying
the phase at each control point, and results (data not shown)
were rated based on temperature uniformity, acoustic pres-
sure, and length of heated volume in the beam axis direc-
tion. From the set of solutions, a phase increment of 180◦

between neighboring control points best addressed the above-
mentioned criteria, and was subsequently used in all experi-
ments.

Both single focus and multifoci volumetric sonications
were performed using circular subtrajectories of size 4, 8, 12,
and 16 mm in diameter.39, 43 In the single focus sonication ap-
proach, subtrajectories were sonicated by temporally sweep-
ing a single focus through 8, 16, 24, and 32 discrete sonication
locations (sonicated for 50 ms/location) for the 4, 8, 12, and
16 mm subtrajectories, respectively. These sonication loca-
tions were evenly distributed along the circular subtrajectories
perpendicularly to the beam path.39 The same sonication lo-
cations were also used in the case of the multifoci sonications
although in this case all locations were sonicated simultane-
ously rather than sequentially.

II.B. Acoustic and thermal simulations

Acoustic and thermal simulations were performed in
MATLAB 7.0 (MathWorks, Natick, MA) in order to evaluate
acoustic pressures as well as mild hyperthermia heating per-
formance and energy efficiency for both single focus and mul-
tifoci sonications.

Acoustic simulations utilized the Rayleigh–Sommerfeld
integral44 with a resolution of 0.3 × 0.08 × 0.08 mm3 and
field-of-view (FOV) of 72 (beam axis) × 32 × 32 mm3.
Simulations were done using a two-layer model (water and
muscle) with the target plane being placed at a depth of 20
mm within the muscle to mimic the animal experiments. The
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TABLE I. Tissue parameters used for acoustic and thermal simulations.

Parameter Value

Speed of sound, c (m/s) 1540
Density (tissue), σ t (kg/m3) 1020
Thermal conductivity, k (W/m/K) 0.55
Specific heat capacity (tissue), ct (J/kg/K) 3600
Attenuation, α (Np/m) 8.5
Perfusion rate, w (ml/ml/s) 0.002
Density (blood), σ b (kg/m3) 1050
Specific heat capacity (blood), cb (J/kg/K) 3770

pressure amplitude of the transducer elements in the multi-
foci case was scaled so as to provide the same total acoustic
power as the single focus sonication on the transducer surface.
Tissue parameters were obtained from Goss et al., Duck, and
Valvano,45–47 and are provided in Table I.

Thermal simulations, based on the Pennes’ bioheat trans-
fer equation,48 were performed for the 8 mm diameter son-
ications (single focus and multifoci) using a Fourier-based
approach49 and assuming the temperature of the flowing
blood to be equal to the core body temperature. The simulated
sonications consisted of three stages: heat-up of the 4 mm di-
ameter subtrajectory (60 s), heat-up of the 8 mm subtrajectory
(120 s), and the maintenance stage of the 8 mm subtrajec-
tory (7 min), resulting in 10 min of total heating. The acoustic
power for each stage was adjusted so as to reach a minimum
temperature of 40.5 ◦C within the given time in a volume de-
fined by a 4 mm thick disk with diameter equal to the soni-
cated subtrajectory and centered on the beam axis with offset
of 2 mm toward the near field. Volumetric heating efficiency
was calculated as the ratio of volume heated over 40.5 ◦C to
the total required energy per heating stage.

II.C. Hydrophone measurements

In order to verify the acoustic simulation results,
hydrophone measurements were performed in deionized and
degassed water for both the single focus and multifoci soni-
cation patterns. The measurements were done with a needle
hydrophone (75 μm diameter, Precision Acoustics, UK) at-
tached to a 3D motion control system consisting of three lin-
ear M-ILS250PP stages (Newport, Irvine, CA), stepper driver
NI-MID-7604, and motion controller PXI-7354 (National In-
struments, Austin, TX). The signals were sampled using a
100 MHz high-speed digitizer PXI-5122 (National Instru-
ments, Austin, TX).

For both sonication patterns, a plane perpendicular to the
beam axis was acquired with resolution of 0.1 × 0.1 mm2

and FOV of 12 × 12 mm2. In the beam axis direction, the
planes were positioned at the maximum pressure of the single
focus measurement. Tone bursts of 40 cycles at center fre-
quency of 1.45 MHz were used. Acoustic peak power was ap-
proximately 25 W. The acquired acoustic signals were filtered
in Fourier space to remove the nonlinear (high frequency)
components that are typically attenuated rapidly in tissue, but

tend to accumulate in nonattenuating water. This improved
the signal-to-noise ratio and ensured a fair comparison with
simulations that utilized a linear propagation model. Measure-
ments were performed in quasilinear conditions, i.e., the local
distortion parameter was well below 0.5.50

II.D. In vitro and in vivo experiment setups

For the in vitro experiments, a tissue-mimicking gel-
phantom was prepared from a mixture of agarose (2 wt. %,
VWR International, Radnor, PA) and 0.5–10 μm silica par-
ticles (2 wt. %, Sigma-Aldrich, Schnelldorf, Germany) in
deionized and degassed water as previously described.42, 51

This mixture was heated with constant stirring to prevent set-
tling of silica, and then slowly cooled until gelled. The re-
sulting gel phantom had an estimated ultrasound propaga-
tion speed of 1490 m/s, and an ultrasound attenuation of
0.65 dB/cm at 1.45 MHz. The phantom was positioned on
the acoustic window of the HIFU tabletop and acoustically
coupled using degassed, deionized water.

Animal-related procedures were approved and carried out
under a National Institutes of Health animal care and use pro-
tocol. The Vx2 tumor preparation and animal setup was de-
scribed by Ranjan et al.52 Briefly, the superficial thigh mus-
cle of a New Zealand White rabbit (n = 1, body weight
= 2.8 kg) was inoculated with Vx2 tumor cells and al-
lowed to grow to size (>1.5 cm in any dimension). Acoustic

FIG. 1. Schematic of the experimental MR-HIFU hyperthermia setup. The
axial imaging plane is shown, with the rabbit in right lateral decubitus posi-
tion on top of the HIFU tabletop and the tumor-bearing right hind limb sub-
merged in degassed water. Vx2 tumor is outlined with a white dashed line.
Baseline reference temperature was obtained using a fiber optic temperature
probe inserted in the thigh muscle near the tumor. The imaging slice posi-
tions for the thermometry sequence are outlined with a blue dashed line, and
the location of the MR coil used for temperature mapping is shown as blue
rectangles. A target region within the tumor is shown as a green circle. A, P,
L, and R denote anterior, posterior, left, and right, respectively. Depictions of
the MR coil, the transducer, and HIFU beam propagation are only illustrative
and not to scale.
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coupling was achieved by submerging the tumor-bearing
thigh in a degassed water bath directly above the transducer
(Fig. 1). A dedicated optical temperature probe (diameter
= 0.56 mm, Luxtron 3100, LumaSense Technologies, Santa
Clara, CA) was inserted in the thigh muscle near the tumor,
and used as the baseline temperature for MR thermometry,
which was updated prior to each sonication. At the end of the
in vivo MR-HIFU experiment, the animal was immediately
euthanized by intravenous injection of Beuthanasia III (dose
= 0.2 ml/kg, Pentobarbital Sodium 390 mg/ml, and Pheny-
toin Sodium 50 mg/ml). Post-treatment, tissue samples were
harvested for further analysis both from the treated tumor and
muscle as well as from adjacent surrounding tissue.

II.E. MR-HIFU platform and MR imaging

A clinical integrated MR-HIFU platform (Sonalleve V1
1.5T MR-HIFU, Philips Medical Systems, Vantaa, Finland)
was utilized both for sonications and MR guidance, using
clinical software that was modified to suit small animal stud-
ies and to perform multifoci sonications. The system also in-
cluded two coils: a MR-HIFU specific multielement MR re-
ceive coil used for treatment planning, and a standard two-
element loop coil (SENSE Flex M, Philips Medical Systems,
Best, The Netherlands) used for temperature mapping. A 256-
element focusing phased-array transducer (12 cm radius of
curvature, 13 cm aperture) was operated at 1.45 MHz for
all sonications. For the single focus sonications, the in situ
intensity (Ispta) (Ref. 53) at the focus for a 25 W sonica-
tion was estimated to be 400 W/cm2 at a sonication depth
of 15 mm in tissue assuming an attenuation coefficient of
0.5 dB cm−1 MHz−1.45

MRI was used to plan the therapy as well as to monitor
temperature rise with temperature sensitive imaging during
therapy. Prior to therapy, proton density-weighted planning
images were acquired as a 3D coronal stack and used for ul-
trasound exposure planning. Standard multiplane thermome-
try was performed during HIFU sonications using a dynamic
fast field echo-echo planar imaging (FFE-EPI) sequence. Two
image slices were acquired per dynamic scan repetition; one
coronal and one sagittal slice automatically positioned per-
pendicularly and parallel to the HIFU beam axis with the
slices intersecting at the center of the target region (Fig.
1). Identical imaging parameters were used for both slices:
TR = 54 ms, TE = 30 ms, spatial resolution 1.4 × 1.4 mm2,
slice thickness = 7 mm, 7 k-space lines per excitation, flip
angle = 19◦, 121-binomial water-selective excitation, result-
ing in an acquisition time of 2.5 s per dynamic scan repeti-
tion. The same sequence was used for in vitro experiments,
but with slightly different imaging parameters (TR = 44 ms,
TE = 20 ms, slice thickness = 5 mm), with an acquisition
time of 2.0 s per dynamic scan repetition. SNR-masked tem-
perature maps (masked when temperature standard deviation
> 3 ◦C) were calculated in real time from the resulting phase
images using the PRFS (0.0094 ppm/◦C) technique.19 All
voxels where �T > 2 ◦C were color encoded and overlaid
on top of the grayscale magnitude images. The obtained tem-
perature maps were corrected for baseline drift by subtracting

the average apparent temperature change of the voxels within
a freely defined reference region that was placed near but out-
side the heated region in the coronal slice. Additional details
may be found in Refs. 42 and 39.

II.F. Mild hyperthermia feedback control

In this study, binary mild hyperthermia feedback as de-
scribed by Partanen et al.42 was used to control volumetric
heating. The sonication time at each subtrajectory was deter-
mined by predefined temperature limits. Briefly, the sonica-
tion started at the innermost heat-up subtrajectory, and was
moved from one heat-up subtrajectory to the next once the
mean upper temperature limit was reached. After the outer-
most heat-up subtrajectory had been completed, sonication
was paused. Once the mean temperature at any subtrajec-
tory dropped below the lower mean temperature limit, the
sonication was moved to that subtrajectory. Sonication was
once again paused when the mean temperature in that sub-
trajectory reached the upper mean temperature limit. These
heating and cooling cycles were repeated until the predefined
sonication duration expired. Binary mild hyperthermia feed-
back control was achieved by setting the lower mean temper-
ature limit to 40.5 ◦C and the upper mean temperature limit to
41.0 ◦C.

II.G. Sonication experiments

Sonication experiments were performed both in vivo and in
a tissue-mimicking phantom. Before starting the therapy son-
ications, a low-power test-sonication (Pac = 15 W, t = 10 s)
was performed in the target volume in order to adjust and con-
firm the correct location of heating. In the in vivo study, the
duration of each hyperthermia treatment was 5 min and the
target region (also known as a treatment cell) was 8 mm in
diameter. Both Vx2 tumor and normal muscle were targeted.
Between sonications, a fixed cool down period (5 min) was
employed to ensure return to baseline temperature. Sonica-
tions were performed at five different locations in each tu-
mor and muscle tissue for both the single focus and multifoci
sonication strategies (total of 20 sonications). In this imple-
mentation, the target region was defined only in the coronal
slice. However, it is also important to characterize the heat-
ing shape in 3D. This is perhaps best described by the as-
pect ratio of heated region, i.e., the ratio of length in the
beam path direction to diameter perpendicular to the beam
path.

In the phantom experiments, the temperature limits re-
mained the same, but sonication duration was 10 min and
cool-down time between sonications was increased to 30 min
primarily because there is no perfusion to actively cool the
phantom. Both single focus and multifoci sonication experi-
ments were performed with treatment cell sizes of 4, 8, 12,
and 16 mm in diameter. Each experiment was repeated five
times (total of 40 sonications).

In both animal and phantom experiments, a MR-
compatible passive cavitation detector (integrated into the
HIFU transducer) was used to detect possible cavitation dur-
ing sonication.

Medical Physics, Vol. 40, No. 1, January 2013
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TABLE II. Summary of the mild hyperthermia sonications performed in vivo and in vitro. All sonications were
performed at a frequency of 1.45 MHz. Duration of 5 min was used for sonications in vivo and 10 min for
sonications in vitro.

Treatment Acoustic Focal depth
Sonication cell size Target power Number of from skin

type (mm) tissue (W) sonications (mm)

Rabbit Single focus 8.0 Tumor 25.0 5 30
Rabbit Multifoci 8.0 Tumor 25.0 5 30
Rabbit Single focus 8.0 Muscle 25.0 5 15
Rabbit Multifoci 8.0 Muscle 25.0 5 15
Phantom Single focus 4.0, 8.0, 12.0, 16.0 . . . 25.0 5, 5, 5, 5 40
Phantom Multifoci 4.0, 8.0, 12.0, 16.0 . . . 25.0 5, 5, 5, 5 40

Table II summarizes the mild hyperthermia sonications
performed in the phantom and in the animal. All heat-
maintaining subtrajectories were sonicated at half the power
used for the initial heat-up subtrajectories.

II.H. Hyperthermia treatment analysis
and statistical analysis

Data were analyzed with MATLAB 7.0 (MathWorks, Nat-
ick, MA) and in-house developed software package for IDL
6.1 (ITT Visual Information Solutions, Boulder, CO). The
mean temperature, lowest tenth percentile (T90), highest tenth
percentile (T10), and SD in the target region were analyzed
from the coronal slice to assess temperature accuracy and uni-
formity. Heated volume length, diameter, and their ratio were
also quantified. Heated region diameter and length were cal-
culated from coronal and sagittal slices, respectively, as mean
distances with temperature ≥ 40.5 ◦C (calculated from time-
averaged data once T > 39.5 ◦C). Furthermore, thermal dose
accumulation in the target region was calculated according
to the Sapareto-Dewey equation and reported using a unit of
equivalent minutes at 43 ◦C (CEM43).54 Values are reported
as mean ± standard deviation, unless stated otherwise.

All data fitting and statistical analyses were performed us-
ing GraphPad Prism (version 5.04 for Windows, San Diego,
CA). One-way ANOVA was performed to compare the dis-
tributions of mean temperature, T10–90, width of the heated
volume over 40.5 ◦C, and the ratio of the length to the di-
ameter of the heated volume. Pairwise comparisons with
Tukey multiple comparison test were reported. Two-tailed p-
values were obtained in all cases, with p < 0.05 considered
significant.

III. RESULTS

III.A. Acoustic field simulations and thermal
simulations

Simulated acoustic fields (pressure arbitrary units) for an
8 mm diameter (16 foci, phase increment of 180◦) multifoci
pattern as well as for a single focal point deflection (4 mm)
are shown in Fig. 2. The total acoustic power was the same
for both cases. All acoustic simulation results are provided

in Table III. The maximum pressure is reduced by 70% with
multifoci implementation as compared to single focus.

In silico temperature distribution at the end of 10 min son-
ications are shown in Fig. 3 for both single focus sweep and
multifoci approaches, using an 8 mm diameter target region.

All thermal simulation results are provided in Table III.
The multifoci implementation provided a more homogeneous
heated region that was closer to the intended target diam-
eter and also to the intended location in the beam axis
direction. However, the heating energy efficiency is also re-
duced as the volume heated above 40.5 ◦C is significantly
smaller even though a similar amount of energy is used for
both the single focus (1890 J) and multifoci (1840 J) sonica-
tion approaches.

FIG. 2. (a) and (b) Simulated acoustic pressure field (focal plane) for a single
focal point deflection 4 mm to the left in the image coordinates (a), as well as
for a multifoci sonication with 16 simultaneous foci spaced evenly at a circle
with 8 mm diameter (b). (c) and (d) are the sagittal image planes (beam path
direction) corresponding to (a) and (b), respectively. Transducer sonicates
from bottom to top in the sagittal images.
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FIG. 3. (a) and (b) Simulated temperature distribution obtained by using a
conventional 8 mm sonication trajectory where a single focal point is swept
temporally across the 16 focal points included in the trajectory. The sweep-
ing is very rapid (50 ms per sonication location) and in effect equals temporal
averaging. (a) Coronal after 600 s, (b) sagittal after 600 s. (c) and (d) Simu-
lated temperature distribution obtained by using the multifoci pattern with 16
concurrent foci as shown in Fig. 2. (c) Coronal after 600 s, (d) sagittal after
600 s. Transducer sonicates from bottom to top in the sagittal images.

III.B. Hydrophone measurements

Hydrophone measurements for the 8 mm multifoci pattern
(16 foci, phase increments of 180◦) as well as for a single
focal point deflection are shown in Fig. 4. In addition to

FIG. 4. Acoustic pressure field distributions obtained using a needle hy-
drophone. (a) Single focal point deflection 4 mm to the left in the image co-
ordinates. (b) Multifoci sonication with 16 simultaneous foci spaced evenly
at a circle with 8 mm diameter. (c) and (d) are the phase maps corresponding
to pressure maps (a) and (b), respectively.
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TABLE IV. Summary of in vitro sonication results. Target mean temperature range was 40.5–41 ◦C. All values are mean ± SD of five sonications. Heated region
diameter and length to diameter ratio were calculated from time-averaged data.

Treatment Diameter of Volume ≥ 40.5 ◦C
cell size Sonication Mean SD T10 T90 area ≥ 40.5 ◦C length to
(mm) type (◦C) (◦C) (◦C) (◦C) (mm) diameter ratio

4.0 Single focus 40.90 ± 0.06 0.68 ± 0.08 41.75 ± 0.12 40.13 ± 0.04 4.4 ± 0.2 2.9 ± 0.3
8.0 Single focus 40.94 ± 0.05 0.64 ± 0.06 41.67 ± 0.11 40.12 ± 0.11 8.6 ± 0.4 2.2 ± 0.2
12.0 Single focus 40.97 ± 0.08 0.71 ± 0.07 41.8 ± 0.2 40.14 ± 0.03 11.2 ± 0.3 2.4 ± 0.2
16.0 Single focus 41.24 ± 0.08 0.87 ± 0.04 42.32 ± 0.09 40.21 ± 0.08 15.0 ± 0.7 1.9 ± 0.1
4.0 Multifoci 40.76 ± 0.05 0.60 ± 0.03 41.51 ± 0.11 40.06 ± 0.05 3.96 ± 0.11 2.0 ± 0.4
8.0 Multifoci 40.74 ± 0.04 0.56 ± 0.02 41.45 ± 0.13 40.14 ± 0.07 8.0 ± 0.2 1.7 ± 0.2
12.0 Multifoci 40.73 ± 0.04 0.68 ± 0.08 41.60 ± 0.15 40.07 ± 0.09 11.4 ± 0.3 1.4 ± 0.2
16.0 Multifoci 40.74 ± 0.04 0.66 ± 0.05 41.59 ± 0.12 39.94 ± 0.06 15.2 ± 0.2 1.26 ± 0.11

magnitude (pressure) maps, the phase maps are shown to
illustrate the 180◦ phase difference between adjacent foci.
Splitting the focus was successful for the multifoci approach,
resulting in the prescribed number of discrete foci. Although
the comparison of the measured pressure maps to the simula-
tions was qualitative, Figs. 2(b) and 4(b) demonstrate a close
similarity.

The maximum focal pressures were 3.7 and 1.2 MPa for
the single focus and multifoci measurement, respectively. For
the multifoci pattern, the pressure dropped by approximately
68% from that of the single focus pattern, which is a similar
reduction as seen in the simulations (see Table III).

III.C. In vitro MR-HIFU mild hyperthermia

All in vitro results are provided in Table IV. Mean temper-
atures in the treatment cell corresponded well with the target
temperature range (target T = 40.5–41 ◦C) for both sonica-
tion approaches. The temperature in the treatment cell was
slightly but significantly (p < 0.05, Tukey) higher in single
focus sonications (range = 40.81–41.32 ◦C) than in multi-
foci sonications (range = 40.69–40.82 ◦C) for all treatment
cell sizes. The temperature uniformity, indicated by a smaller
T10–90, was significantly better for the multifoci approach in
the 8 and 16 mm treatment cells (p < 0.05, Tukey). Diameters
of the heated volumes (≥ 40.5 ◦C) were similar for both son-
ication strategies in large treatment cells (12 and 16 mm) but
were significantly larger for the single focus approach in the
smaller treatment cells (4 and 8 mm cells, p < 0.05, Tukey),
see Table IV. The ratio of the length to diameter of the heated
region was significantly smaller for the multifoci approach
(range = 1.26–2.0) than for the single focus heating (range
= 1.9–2.9) for all cell sizes (p < 0.05, Tukey). This indicates
that the heating was better confined in the beam path direc-
tion for the multifoci approach. Cavitation was not observed
during any of the in vitro sonications.

III.D. Treatment planning and temperature imaging

MRI was used for treatment planning as well as temper-
ature imaging, as shown in Fig. 5. Quality and contrast in
planning images were sufficient to identify the tumor (hyper-

intense) from the surrounding normal tissue and then plan the
treatment cell locations (Fig. 5). Location of the hyperthermic
region attained during treatment corresponded well with tar-
get location. Although spatial targeting accuracy was not rig-
orously analyzed, it appeared similar to what was previously
reported using the same MR-HIFU device and temperature
monitoring method.42 Temperature maps in vivo had a mean
noise level of 0.3 ± 0.1 ◦C.

FIG. 5. Planning and temperature mapping for mild hyperthermia using
multifoci sonication approach: (a) Vx2 tumor (hyperintense) was clearly
identified (white dashed line) on the proton density-weighted planning im-
ages and target regions both within the tumor and normal muscle were cho-
sen (green circles). (b) Temperature maps (color scale) overlaid on dynamic
magnitude images (grayscale) during a mild hyperthermia treatment with an
8 mm treatment cell, showing typical temperature distribution after 3 min of
heating. Temperature monitoring and control was achieved in the selected tar-
get region with a FFE-EPI imaging sequence, utilizing the PRFS method for
temperature mapping, and by using mild hyperthermia binary feedback con-
trol algorithm. The ROI used for magnetic drift correction is outlined with a
yellow dashed line. (c) and (d) are the sagittal image planes corresponding to
(a) and (b), respectively, the location of which is outlined with a blue dashed
line in (a) and (b). In (d), far-field temperature mapping artifacts arising from
bowel movement have been suppressed in postprocessing.
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TABLE V. Summary of in vivo sonication results. Treatment cell size was 8 mm and target mean temperature range was 40.5–41 ◦C. All values are mean ± SD
of five sonications. Heated region diameter and length to diameter ratio were calculated from time-averaged data.

Diameter of Volume ≥ 40.5 ◦C Mean thermal
Sonication Target Mean SD T10 T90 area ≥ 40.5 ◦C length to dose
type tissue (◦C) (◦C) (◦C) (◦C) (mm) diameter ratio (CEM43)

Single focus Tumor 40.82 ± 0.12 0.65 ± 0.05 41.60 ± 0.09 39.98 ± 0.20 8.1 ± 0.2 2.0 ± 0.5 0.34 ± 0.04
Multifoci Tumor 40.70 ± 0.09 0.64 ± 0.04 41.4 ± 0.2 39.96 ± 0.14 8.0 ± 0.2 1.3 ± 0.2 0.28 ± 0.04
Single focus Muscle 40.99 ± 0.10 0.74 ± 0.14 41.8± 0.2 40.1 ± 0.2 8.68 ± 0.30 1.95 ± 0.25 0.5 ± 0.2
Multifoci Muscle 40.69 ± 0.07 0.69 ± 0.06 41.51 ± 0.14 39.94 ± 0.10 8.55 ± 0.12 1.52 ± 0.27 0.35 ± 0.06

III.E. In vivo MR-HIFU mild hyperthermia

All in vivo results are reported in Table V. For both son-
ication approaches, in vivo volumetric sonications resulted
in roughly ellipsoid-shaped temperature elevations with the
major axis in the direction of the HIFU beam propagation
and a circular-symmetric cross section in the coronal plane
(Fig. 5), in good concordance with simulations, phantom ex-
periments, and previously reported results.39, 42, 43 Mean tem-
perature in the treatment cell rapidly reached the upper tem-
perature limit (heating rate 0.13–0.21 ◦C/s, typically faster for
the single focus sweep method) as shown in Fig. 6. The faster
heat-up for the single focus sweep also resulted in greater ini-
tial temperature overshoot (see Fig. 6). During the tempera-
ture maintenance phase, temperature stability was similar for
both sonication methods. Upon completion of the sonication,
temperature in the treatment cell returned to baseline levels
over approximately 5 min. Agreement of temperature before
and after sonication suggests that the magnetic drift correc-
tion was adequately applied. Cavitation was not observed by
the integrated passive cavitation detector during any of the
in vivo sonications.

In vivo sonications using 8 mm treatment cells in muscle
and in tumor resulted in roughly the same circular area of hy-

perthermia (≥40.5 ◦C, diameter not significantly different) in
the coronal plane for both sonication approaches, as shown
in Table V and in Figs. 7 and 8, corresponding well with the
nominal cell size. However, in the sagittal plane (beam axis
direction) the multifoci sonications resulted in significantly
shorter heated volumes in tumor (p < 0.05, Tukey) as shown
in Fig. 8, and slightly but not significantly shorter heated vol-
umes in muscle (see Table V). Although the difference be-
tween T10 and T90 was lower for multifoci (range = 1.32–
1.73 ◦C) than for single focus (range = 1.41–2.27 ◦C), overall
comparison showed no significant difference for this metric
(ANOVA, p = 0.1370). Importantly, the differences between
T10 and T90 were low with both approaches, indicating good
temperature control within the treatment volume. Mean tem-
peratures over the sonication duration in the treatment cell
were within the target temperature range (target T = 40.5–
41 ◦C) for both sonication approaches, and were slightly but
significantly lower for the multifoci sonications in muscle (p
< 0.001, Tukey), but not in tumor.

Tissue damage was not rigorously evaluated, but no me-
chanical or thermal damage was evident in the dissected tis-
sue, consistent with the lack of cavitation and with the low
thermal dose delivered per sonication (mean CEM43 ≤ 0.53,
see Table V).

FIG. 6. (a) Representative examples of mean (solid), T10, and T90 (dashed) temperatures within an 8 mm treatment cell over a 5 min sonication in vivo using
the single focus sweep approach. Target temperature range is indicated as a gray box. (b) Representative examples of mean (solid), T10, and T90 (dashed)
temperatures within an 8 mm treatment cell over a 5 min sonication in Vx2 tumor using the multifoci approach. Target temperature range is indicated as a gray
box.

Medical Physics, Vol. 40, No. 1, January 2013
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FIG. 7. Representative examples of time-averaged mean temperature radial
line profiles centered on the 8 mm treatment cell in Vx2 tumor for both single
focus and multifoci sonication approaches. The lower target temperature limit
(40.5 ◦C) and the corresponding heated volume radii for both single focus
(3.9 mm) and multifoci (3.8 mm) sonications are indicated with an arrow.

IV. DISCUSSION

Monitoring and control of acoustic bioeffects of HIFU is
paramount to realizing a safe and effective clinical treatment,
requiring a balance of therapeutic goals and potential risks.
Leveraging acoustic bioeffects related to high pressure such
as acoustic cavitation and acoustic radiation force may im-
prove the therapy of multiple diseases including cancer and
thromboembolic diseases.55, 56 However, precisely controlling
these bioeffects in a diverse patient population may pose a
significant challenge for clinical translation, and additional

FIG. 8. (a) and (c) Representative examples of time-averaged spatial temper-
ature distributions for the 8 mm treatment cell in Vx2 tumor for single focus
sweep sonication approach (coronal and sagittal planes). (b) and (d) Repre-
sentative example of time-averaged spatial temperature distributions for the
8 mm treatment cell in Vx2 tumor for multifoci sonication approach (coronal
and sagittal planes). The treatment cell is outlined by the black dashed circles
in the coronal images (a) and (b), whereas the black dashed lines in the sagit-
tal images (c) and (d) depict the location of the coronal slices. In the sagittal
images (c) and (d), the transducer sonicates from bottom to top.

technological advances may therefore be necessary to con-
trol or monitor these bioeffects in a clinical setting. Our goal
was to provide mild hyperthermia in a safe, controlled, and
efficacious manner, while aiming to avoid bioeffects related
to high acoustic pressures. This goal was realized on a clin-
ical MR-HIFU platform by implementing a well-known ap-
proach to generate multiple foci by manipulating the ampli-
tude and phase of the individual transducer element driving
signals.36, 37 Previously, multiple simultaneous foci have been
used for hyperthermia induced local drug delivery to enlarge
the heated region as compared to a single static focus.57

The current single focus sweep approach for MR-HIFU
mediated mild hyperthermia, using rapid and sequential elec-
tronic steering of the ultrasound beam,42, 52, 58 is a feasible and
attractive heating strategy due to the efficient localized heat-
ing. However, this approach might also suffer from instanta-
neous, high, and localized acoustic pressures and intensities,
leading to unfavorable mechanical effects and nonuniform
and thus less controlled or less predictable heating in tissue.
As an example of unwanted mechanical effects, recent pre-
clinical studies on HIFU have shown an enhanced metastatic
burden at high levels of acoustic pressure (5 MPa) and in the
presence of shock waves and acoustic cavitation.59–61

Compared to single focus sweep sonications, the multifoci
mild hyperthermia approach provided reduced acoustic pres-
sures in the focal region (see Table III), according to acous-
tic simulations and hydrophone measurements (1.2 MPa vs
3.7 MPa for multifoci and single focus, respectively). While
the mechanical index (MI) has been used in diagnostic ul-
trasound exposures to assess the probability of deleterious
mechanical tissue damage, a general consensus on a similar
metric for appraising mechanical damage due to HIFU ex-
posures has not been established. Nonetheless, the pressures
achieved in this work (2.6 MPa/MHz) are clearly below a
HIFU threshold suggested by Hynynen62 for onset of acoustic
cavitation (5.3 MPa/MHz). The multifoci sonication approach
may find use in applications where mechanical tissue dam-
age is not warranted (e.g., drug delivery and radiation sensi-
tization). Deep-seated tumors or targets with high perfusion
may require greater acoustic power, leading to higher peak
pressures. Multifoci sonications may be used to reduce peak
acoustic pressures and intensities to safe levels, eliminating
unwanted cavitation and/or mechanical tissue damage.

Combined with a binary feedback algorithm, the multi-
foci heating method provided robust temperature control re-
sulting in better temperature uniformity in the target region
in both simulations and experiments, although the difference
was not statistically significant in vivo (mean T10–90 = 1.41 vs
1.62 ◦C for multifoci vs single focus in tumor, respectively).
The temperature elevations in the HIFU beam-path direction
were also consistently more spatially confined in the mul-
tifoci approach (mean heated volume length in beam path
direction to diameter perpendicular to the beam path ratio
= 1.3 ± 0.2 vs 2.0 ± 0.5 in tumor). A higher ratio may al-
low heating of larger volumes with less energy resulting in
greater heating efficiency, although this is not of substantial
concern for mild hyperthermia where thermal damage to skin
or near field is unlikely due to the low target temperatures.
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However, a length to diameter ratio closer to 1 may in turn
give more flexibility in prescribing target regions with diverse
geometries, especially when confined in the beam axis. Addi-
tionally, the combined use of multifoci and single focus sweep
sonications may better conform to specific geometries.

For the aforementioned reasons, this multifoci sonication
strategy is an attractive candidate for initial translation of
MR-HIFU mediated mild hyperthermia to a clinical setting
due to the lower probability of unwanted and/or unpredictable
mechanical or thermal effects, and due to the shorter heated
regions, which could translate into confined heating and more
controlled conformability. Furthermore, regulatory implica-
tions may also be favorable for lower acoustic pressures.

IV.A. Generation of sonication patterns

The number of focal points that can be heated simulta-
neously depends on the intended spatial separation as well
as focal spot size, which again is determined by ultrasound
wavelength and transducer geometry/design. Suboptimal sep-
aration of focal points increases acoustic intensity in the target
region, negating the benefits of using the multifoci approach.
Thus, in all experiments and simulations, the control points
were separated by at least the diameter of one focal spot.

Phase at the control points was chosen in order to limit un-
wanted off-target heating. For example, if the phase is identi-
cal at all control points, coherences along the beam axis result
in pronounced side lobes above and below the target volume.
This effect can be mitigated by alternating phase between
neighboring control points.37 However, the phase increment
between control points must be chosen carefully, as its choice
has an effect on the pressure field. The chosen phase incre-
ment of 180◦ between neighboring points resulted in signifi-
cantly reduced length of the heated volume, thereby prevent-
ing undesired temperature elevations in the HIFU beam-path
direction outside the target region (see Table III and Figs. 3
and 8).

Despite their benefits, multifoci patterns might be less ro-
bust to imperfections in element amplitude and phase con-
trol caused by, e.g., deviation in the shape of the transducer
from expected or heterogeneities in the acoustic path of indi-
vidual elements. However, simulations suggest that with the
expected amplitude and phase variations for this MR-HIFU
setup, the multifoci patterns are not significantly affected
(data not shown). This was also confirmed in hydrophone
measurements where the prescribed multifoci spot generation
was successfully obtained (Fig. 4). Furthermore, amplitude
and phase variations due to heterogeneities in the acoustic
path did not appear to alter the performance of the multifoci
approach in vivo at a target depth of 15–30 mm. If observed
at greater depths in future studies, the aforementioned prob-
lems could be addressed by reducing the number of concur-
rent foci.

IV.B. Hydrophone measurements

The measured multifoci patterns match very well with sim-
ulation results. The use of 8 mm diameter 16-foci multifoci

pattern resulted in a maximum acoustic pressure reduced to
33% of the maximum pressure measured using single focus
deflection, similar to what was seen in simulations. The con-
sistency of simulation results with hydrophone measurements
aids in validating the model and allows for additional future
in silico optimization for more custom or patient-specific
treatments.

IV.C. Temperature accuracy, temporal control,
and homogeneity of heating

Results of the in vivo 8 mm treatment cell sonications us-
ing the multifoci approach are consistent with simulation and
phantom experiment results, suggesting that temperature ho-
mogeneity may be improved through the use of this multifoci
sonication strategy. Furthermore, the multifoci sonication ap-
proach may offer benefits in terms of shorter heated volumes
in the beam axis direction, limiting thermal exposure in the
direct near- and far-field.

Both heating approaches achieved in vivo mean temper-
atures that were prescribed by the target temperature range
(40.5–41 ◦C). For the multifoci approach, mean temperature
was lower with a more flat profile in the prescribed region
(Fig. 7). Less overshoot was apparent for the multifoci ap-
proach during heat-up (Fig. 6), but adjusting the power used
during heat-up for each strategy may further ameliorate this
overshoot.

IV.D. Future directions

Traditional sonication trajectories that involve rapid HIFU
steering through single focus points, as used in MR-HIFU
volumetric thermal ablations,40, 63 tend to exhibit elongated
heated volume shape in the beam axis direction. This ap-
proach with high heating energy efficiency may benefit abla-
tion of large volumes. However, the heating outside the tar-
get plane with single focus sonications may limit applica-
tion of MR-HIFU heating in small or shallow targets, or in
close proximity to critical structures that must not be heated.
The multifoci approach can produce more confined heating in
the beam-axis direction by reducing the acoustic intensities
at the spatial overlap that exists toward the near field. Thus,
although the heating energy efficiency is lower, the multifoci
approach may also have some use in HIFU thermal ablation.

Whether for ablation or for mild hyperthermia, the agree-
ment between in silico modeling and in vivo heating sug-
gests that such a modeling approach could be used to de-
sign patient- or application-specific multifoci patterns to assist
in treatment planning. This modeling step may be necessary
when high perfusion is likely to impact the spatial distribu-
tion of heat, or near critical structures where off-target heating
may not be tolerated.

Volumetric multifoci patterns may also be beneficial in
applications where mechanical effects need to be applied
simultaneously to a large area or volume, such as in en-
hancement of drug delivery.64 In this scenario, low duty-cycle
pulsed sonications could be used to avoid excessive heating
of the target, and power could be adjusted to compensate for
the reduction in pressure with the multifoci approach.

Medical Physics, Vol. 40, No. 1, January 2013



013301-12 Partanen et al.: MR-HIFU mild hyperthermia using multifoci approach 013301-12

Herein, we report on the initial evaluation of a multifoci
sonication approach with small target volumes and short heat-
ing durations that is useful for development and characteriza-
tion but very different than a prospective clinical implemen-
tation. For example, this approach may benefit large volume
MR-HIFU mild hyperthermia methods that use a combina-
tion of mechanical movement of the transducer and electronic
beam steering to heat large, more clinically relevant target
volumes. These methods are currently under development. If
incorporated into such a large-volume heating approach, mul-
tifoci sonications have the potential to decrease peak acous-
tic pressures, improve temperature uniformity, and limit off-
target near-field heating.

V. CONCLUSION

This work demonstrates the potential benefits of a mul-
tifoci sonication approach combined with a binary feedback
algorithm for mild hyperthermia on a clinical MR-HIFU plat-
form. The implementation allowed for noninvasive, spatially
accurate, precise, and homogeneous heating within the tar-
geted regions in a tissue-mimicking phantom, in normal rab-
bit muscle, and in a Vx2 tumor. According to both simula-
tions and hydrophone measurements, the multifoci approach
produced lower acoustic pressures and intensities in compar-
ison to the single focus sweep sonication method, thus po-
tentially limiting unwanted mechanical effects that are of par-
ticular concern in mild hyperthermia. This multifoci heating
strategy also provided more confined heated volume shape
and improved temperature uniformity compared to the single
focus approach, but at the cost of a reduced heating energy
efficiency. Clinical oncology applications that require accu-
rate and precise spatiotemporal control over heating (such as
chemotherapeutic delivery and radiosensitization) may bene-
fit from the improved safety and heating control offered by
multifoci MR-HIFU mild hyperthermia.
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